Controllable effects of quantum fluctuations on spin free-induction decay at room temperature 
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Fluctuations of local fields cause decoherence of quantum objects. It is generally believed that at high temper- 
atures, thermal noises are much stronger than quantum fluctuations unless the thermal effects are suppressed by 
certain techniques such as spin echo. Here we report the discovery of strong quantum-fluctuation effects of nu- 
clear spin baths on free-induction decay of single electron spins in solids at room temperature. We find that the 
competition between the quantum and thermal fluctuations is controllable by an external magnetic field. These 
findings are based on Ramsey interference measurement of single nitrogen- vacancy center spins in diamond and 
numerical simulation of the decoherence, which are in excellent agreement. 

PACS numbers: 03.65.Yz, 76.70.Hb, 42.50.Lc, 76.30.-v 



Quantum systems lose their coherence when subjected to 
fluctuations of the local fields (b). Such decoherence phenom- 
ena are a fundamental effect in quantum physics UrE) and a 
critical issue in quantum technologies H Ulll , The local field 
fluctuations can result from thermal distribution of the bath 
states at finite temperature [12|, formulated as a density ma- 
trix p E = Yij Pj\bj){bj\ with probability pj for the local field 
of a certain eigenvalue fey. If the local field operator b does not 
commute with the total Hamiltonian of the bath He, a certain 
eigenstate \bj) of b is not an eigenstate of the total Hamilto- 
nian and will evolve to a superposition of different eigenstates 
of b, causing quantum fluctuations of the local field |[T3l . It 
is generally believed that at high-temperatures (as compared 
with transition energies of the bath), the thermal fluctuations 
are much stronger than the quantum fluctuations, though with 
certain control over the quantum systems, such as spin-echo 
or dynamical decoupling control in magnetic resonance spec- 
troscopy l[T4lfT6 l. the decoherence effects of thermal fluctua- 
tions can be largely suppressed. 

In this Letter, we show that in the case of strong system- 
bath coupling (as compared with the internal Hamiltonian of 
the bath), the quantum fluctuations can be comparable to the 
thermal fluctuations, and induce notable effects even on free- 
induction decay of the central spin coherence. The competi- 
tion between the thermal and quantum fluctuations can be con- 
trolled by an external magnetic field, indicated by crossover 
between Gaussian and non-Gaussian decoherence accompa- 
nied by decoherence time variation. 

The model system in this study is a nitrogen-vacancy center 
(NVC) electron spin coupled to a bath of 13 C nuclear spins in 
diamond. This system has promising applications in quantum 
computing ||6] Q and nano-magnetometry ||8 HTT|| . The hy- 
perfine interaction between the NVC spin and the bath spins 
is essentially dipolar and therefore anisotropic. Due to the 
anisotropy of the interaction, the hyperfine field on a nuclear 
spin is in general not parallel or anti-parallel to the external 
magnetic field and therefore the local Overhauser field b (as a 
bath operator) does not commute with the Zeeman energy of 



the bath. This induces strong quantum fluctuations, when the 
external field is not too strong or too weak. The model system 
is representative of a large class of central spin decoherence 
problems in which a central spin (such as associated with im- 
purities or defects in solids) has anisotropic dipolar interaction 
with bath spins IPTl . 

The NVC has a spin-1, which has a zero-field splitting 
A m 2.87 GHz between the states |0) and |±1), quantized along 
the z-axis (the nitrogen-vacancy axis). Since the NVC spin 
splitting is much greater than the hyperfine interaction with 
the 13 C spins, the center spin flip due to the Overhauser field 
can be safely neglected Q. We only need to consider the z- 
component of the local field fluctuation, b z = £ , Aj ■ lj, where 
Aj is the dipolar coupling coefficients for the /'th nuclear spin 
lj. The local field b z is a quantum operator of the bath. Within 
the timescales considered in this paper, the interaction be- 
tween the 13 C nuclear spins, which has strength less than a few 
kHz lfT8"l[T9l , can be neglected. The only internal Hamiltonian 
of the bath is the Zeeman energy under an external magnetic 
field, H E = Zjjdj • B, where y c = 6.73 x 10 7 T _1 s _1 is the 
gyromagnetic ratio of 13 C. To be specific, the magnetic field B 
is applied along the z axis in this paper, but the physics is es- 
sentially the same for field along other directions. The Hamil- 
tonian of the NVC spin and the bath can be written as |[T8l[T9ll 



H = AS 2 Z + (y e B + b z )S z + H E , 



(1) 



where y e = 1.76 x 10 11 T~'s~' is the electron gyromagnetic 
ratio, and S z is the NVC spin operator along the z-axis. 

At room temperature, the nuclear spins are totally unpo- 
larized. Thus the bath can be described by a density matrix 
Pe = 2~ N I, with N being the number of 13 C included in the 
bath, and / is a unity matrix of dimension 2 N . When the 
bath contains a large number of nuclear spins (for example, 
N > 10), the local Overhauser field has a Gaussian distribu- 
tion with width 
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FIG. 1: (Color online) (a) A fluorescence image of single NVC's 
in a type-IIa diamond, (b) Rabi oscillation of an NVC spin driven 
by a microwave pulse with the same strength as used in the Ram- 
sey signal measurement, (c) Continuous-wave ODMR spectrum of 
an NVC spin, measured with a relatively strong microwave field 
(such that different lines due to different 14 N nuclear spin states are 
not resolved). The two peaks (fitted with Lorentzian lineshapes in 
dashed lines) correspond to the transitions |0) «-> | ± 1). (d) Pulse 
ODMR spectrum near the |0) «-> | - 1) transition of an NVC spin, 
measured with a relatively weak microwave field (such that differ- 
ent lines due to different 14 N nuclear spin states are resolved, fitted 
with Lorentzian lineshapes in dashed lines). The magnetic field is 
10.3 Gauss in the measurement. 
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FIG. 2: (Color online) (a), (b), and (c) in turn show three typical cases 
of experimentally measured Ramsey signals as functions of time for 
three NVC's A, B, and C under different magnetic fields, (d), (e), 
and (f) are numerical simulations corresponding to (a), (b), and (c) 
in turn. The red symbols are measured or calculated results, and the 
black lines are fitting with Eq. ([3J. 



This so-called inhomogeneous broadening would cause a 
Gaussian decay of the NVC spin coherence, e^'^ T ^' with the 
dephasing time T* 2 — cr. 

The quantum fluctuation of the local field b z arises from 
the fact that in general [b z , He] + 0, especially when the nu- 
clear Zeeman energy is comparable to the hyperfine coupling 
y c B ~ Aj Q3D. In the weak field case y c B « Aj, the effect 
of the quantum fluctuations would be negligible. In the strong 
field limit, ycB » Aj, the quantum fluctuation would also be 
suppressed, since the nuclear spin flips due to the off-diagonal 
hyperfine interaction (components of Aj perpendicular to the 
z-axis) would be suppressed by the large Zeeman energy cost. 
In addition, the local field fluctuation under a strong exter- 
nal field should contain only the diagonal part, i.e., in Eq. (|2| 
for the the inhomogeneous broadening, Aj should be replaced 
with the z-component A Z j. Therefore, we expect the dephas- 
ing time in the strong field limit is longer than that in the 
weak field limit. In the transition regime, the quantum fluctu- 
ation effect would be important, and the dephasing would be 
in general non-Gaussian. Such features of NVC center spin 
dephasing have been noticed previously in numerical simula- 
tions [19). 

We use optically detected magnetic resonance 
(ODMR) ll20l to measure the Ramsey interference of 
single NVC spins in a high-purity type-IIa single-crystal 
diamond (with nitrogen density «: 1 ppm) 0. All the 
experiments are performed at room temperature. Single 



NVC's in diamond are addressed by a home-built confocal 
microscope system [see Fig. [TJa) for a typical fluorescence 
image of the single NVC's]. An external magnetic field is 
applied along the z-axis. The field strength is tunable from 
to 305 Gauss. Under a weak field [10.3 Gauss as shown 
in Fig.[TJc)], the two NVC spin transitions |0) <-> | ± 1) are 
well resolved in spectrum. Furthermore, due to the hyperfine 
coupling to the 14 N nuclear spin, each NVC spin transition 
is split into three lines corresponding to the three states of 
the 14 N nuclear spin-1 [7], which are resolved by weak-pulse 
ODMR measurement [see Fig. [T] (d) for the |0) <-> | - 1) 
transition]. Fig. [TJb) shows the high-fidelity rotation of the 
NVC spin under a microwave pulse of different durations. 
The Ramsey interference measurement scheme is as follows: 
The single NVC spin is first initialized to the state |0) by 
optical pumping with a 532 nm laser pulse of 3.5 /is duration. 
Then a 7r/2 microwave pulse excites the NVC spin to the 
superposition state (|0) + | — 1)) / V2. The pulse is tuned 
resonant with the central line (corresponding to the 14 N spin 
state |0)i4 N ) of the |0) «-> | - 1) transition for each magnetic 
field. The pulse duration [34 ns, corresponding to n/2 rotation 
in Fig.[TJb)] is chosen as long as not to excite the |0) <-> | + 1) 
transition and as short as to spectrally cover all the three 
hyperfine lines corresponding to different 14 N nuclear spin 
states. After the first microwave pulse, the spin is left to 
freely precess about the magnetic field with dephasing. After 
a delay time t, a second 7r/2 microwave pulse is applied to 
convert the spin coherence to population in the state | - 1). 
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FIG. 3: (Color online) Dependence on the magnetic field strength of 
(a) the dephasing time and (b) the exponential decay index n for 
three NVC's (A, B, and C) measured in experiments (circle, square, 
and diamond symbols with error bars), compared with the numerical 
simulations (solid, dashed, and dash-dotted lines). 



The fluorescence of the NVC, which is about 30% weaker 
when the spin is in |— ) than it is when the spin is in |0), is 
detected by photon counting under illumination of a 532 nm 
laser of 0.35 jus duration. Each measurement (for a certain B 
field and delay time t) is typically repeated 0.4 ~ 1 million 
times to accumulate sufficient signal-to-noise ratio. 

Typical Ramsey interference signals of single NVC spins 
are shown in Fig.|2](a-c). The oscillation is due to the beating 
between different transition lines corresponding to the three 
14 N spin states Q. As shown in Fig. |2](a-c), the spin coher- 
ence represented by the fluorescence change as a function of 
time, after subtraction of the background photon counting, is 
well fitted with the formula 



S = Ce-(" T iy 



1 2 

- + -cos(Ai4 N f + cf>) 



(3) 



in which A« N is the hyperfine coupling constant to the N 
nuclear spin, Tl gives the spin dephasing time, and the expo- 
nential index n characterizes the non-Gaussian nature of the 
dephasing (n = 2 corresponding to the Gaussian dephasing 
case). 

Figure [3] shows the spin dephasing time T£ and the expo- 
nential decay index n as functions of the external magnetic 
field strength for three different NVC's (labeled A, B and C). 
The increasing of the dephasing time with the magnetic field 
strength and the non-Gaussian decay associated with the de- 
phasing time rising demonstrate the competition between the 
thermal fluctuations of the local fields and the quantum fluc- 
tuations. Since the 13 C atoms (with abundance of 1.1%) are 
randomly located around the NVC's, the dephasing time 
presents a random distribution depending on the 13 C posi- 
tion configurations |[T9l . An NVC with longer dephasing time 
should have 13 C atoms located farther away from the center 
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FIG. 4: (Color online) Decay envelopes of the calculated Ramsey 
signals for various numbers of nearest 13 C nuclear spins included in 
the bath, shown as filled circles, stars, open circles, open squares, 
crosses, and solid lines for N = 1,3, 5, 10, 30, and 100 in turn, (a), 
(b), and (c) are calculated under the same conditions as in Fig.|2](d), 
(e), and (f) in turn. 



with weaker hyperfine interaction (as the hyperfine interac- 
tion is dipolar and decays rapidly with distance from the cen- 
ter). Therefore, we expect that the quantum fluctuations for 
NVC's with longer dephasing times start to take effect at lower 
magnetic field. This is indeed confirmed by the three sets of 
data representing NVC's with long, intermediate, and short 
dephasing time (NVC A, B and C in turn). 

To further confirm the physical picture of the quantum- 
thermal fluctuation crossover, we carry out numerical simula- 
tions of the Ramsey signals with no fitting parameters. Since 
the positions of the 13 C atoms are not determined and the de- 
phasing time depends on the positions of the nuclear spins, we 
randomly choose the spatial configurations such that the de- 
phasing times at zero field are close to the experimental values 
at the lowest field. The simulation is done with only single nu- 
clear spins dynamics taken into account (the interactions be- 
tween nuclear spins are neglected since they are not relevant 
in the timescales considered in this paper), which is an exactly 
solvable problem. The Ramsey signal is given by |[T8l[T9l 
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As shown in Fig. [2] (d-f), the calculated results are well fit- 
ted with Eq. ([3]). In the simulations, the nearest 500 nuclear 
spins are included (N — 500), which produces well converged 
results. The dephasing time and the exponential decay index 
obtained from the numerical results are in excellent agreement 
with the experimental data (see Fig. [3]>. 

Figure [4] shows the contributions of nuclear spins at differ- 
ent distances to the NVC spin dephasing. The nearest few 13 C 
nuclear spins already contribute the major part of the local 
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field fluctuations. A close examination of the C positions 
in different configurations reveals that the average hyperfine 
coupling constants for the nearest 10, 5, and 3 nuclear spins 
(which contribute the major part of the dephasing) for NVC 
A, B, and C are A * 0.16, 0.51, and 1.7 fis _1 in turn. Corre- 
spondingly, the quantum fluctuations should start to take effect 
at magnetic field strength B ~ A/yc ~ 24, 76, and 260 Gauss 
for NVC A, B, and C in turn. This is indeed consistent with 
the experimental observation shown in Fig. [3] 

In conclusion, we demonstrate that even at room temper- 
ature (which can be regarded as infinite for the nuclear spin 
baths considered here) and in free-induction decay of spin de- 
coherence, the quantum fluctuations of local fields can be as 
strong as the thermal fluctuations in a mesoscopic spin bath 
with anisotropic interaction with the central spin. The contri- 
bution of the quantum fluctuations can be tuned by an exter- 
nal magnetic field. In addition to revealing an aspect of the 
quantum nature of nuclear spin baths, the effect can be used 
to identify optimal physical systems and parameter ranges for 
quantum control over a few nuclear spins via a central elec- 
tron spin. Such control is relevant to quantum computing and 
nano-magnetometry jBT OTI . 
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